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•• In designing and constructing an accelerator, physicists and enIn designing and constructing an accelerator, physicists and engineers do gineers do 
their best in making a perfect job and in foreseeing any possibltheir best in making a perfect job and in foreseeing any possible operation e operation 

mode for their device.mode for their device.

•• In this lecture, we will briefly introduce the more typical (anIn this lecture, we will briefly introduce the more typical (and predictable) d predictable) 
errors affecting real accelerators. We will also discuss with soerrors affecting real accelerators. We will also discuss with some more me more 
details examples (not a complete list) of diagnostic systems anddetails examples (not a complete list) of diagnostic systems and beam beam 

measurements used for correcting for those errors.measurements used for correcting for those errors.

•• In most of the cases, the In most of the cases, the ideal machineideal machine remains just a concept and one has remains just a concept and one has 
to deal with more real objects where construction tolerances andto deal with more real objects where construction tolerances and unpredicted unpredicted 

phenomena generate effects that need to be measured and correctephenomena generate effects that need to be measured and corrected.d.
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A A multipolemultipole of order of order nn, with a , with a tilt errortilt error will will 
present present a “ skew”  component of order a “ skew”  component of order nn with with 

amplitude proportional to the tilt angle.amplitude proportional to the tilt angle.

A A multipolemultipole of order of order nn, with a , with a displacement displacement 
errorerror will present will present all the all the multipolarmultipolar

components with order components with order i = 1, 2, …, n i = 1, 2, …, n -- 11..x∆

y∆

x∆

θ
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•• If we have dipolar errors in If we have dipolar errors in NN different ring locations, they generate different ring locations, they generate NN kicks kicks 
θθθθθθθθii and a total orbit distortion given by: and a total orbit distortion given by: 

( ) ( )
( ) ( ) ( ) ( )[ ] yxwsss

s
sw

N

i
iwiiw

w

w ,cos
sin2 1

=+−= �
=

πϕϕνθβ
πν

β

•• Because of radiation damping, positrons and electrons converge Because of radiation damping, positrons and electrons converge into the into the 
distorted orbit in roughly a damping time. Protons and heavier pdistorted orbit in roughly a damping time. Protons and heavier particles articles 
oscillates around the distorted closed orbit without converging oscillates around the distorted closed orbit without converging into it.into it.

•• In the case of a single kick at the position In the case of a single kick at the position ss, the displacement induced the , the displacement induced the 
kick at the same point kick at the same point ss is given by:is given by:

( ) ( ) yxwssw ww ,cot
2

1 == πνθβ

•• If a If a corrector or steering magnetcorrector or steering magnet (small dipole magnet capable of generating (small dipole magnet capable of generating 
a kick a kick θθθθθθθθ) has a ) has a beam position monitorbeam position monitor (BPM) nearby, by kicking the beam and (BPM) nearby, by kicking the beam and 
using the previous relation, the beta function at that point canusing the previous relation, the beta function at that point can be measured.be measured.

•• We saw that a displacement error in a magnet generates a We saw that a displacement error in a magnet generates a dipole dipole 
componentcomponent in its center. This term induces a beam in its center. This term induces a beam orbit distortion.orbit distortion.

Betatron phases 

•• Note that for integer tunes no closed orbit exists. Note that for integer tunes no closed orbit exists. 
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Or in matrix representation, when:Or in matrix representation, when:
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By using By using MM correctors magnets, we can find a set of kicks that cancels thecorrectors magnets, we can find a set of kicks that cancels the
displacement of the beam at the BPM positions. This is obtained displacement of the beam at the BPM positions. This is obtained when: when: 

{ }NN uuu ...,,, 21=u

The kicks that need to be applied to the steering magnets for coThe kicks that need to be applied to the steering magnets for correcting the rrecting the 
closed orbit distortion, can be obtained by inverting the previoclosed orbit distortion, can be obtained by inverting the previous equation:us equation:

By measuring the orbit distortion in By measuring the orbit distortion in N N BPMsBPMs along the ring, we find the set of along the ring, we find the set of 
displacements:displacements:
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The elements of the The elements of the response matrixresponse matrix MM, can be calculated from the machine , can be calculated from the machine 

model, or measured by individually exciting each of the correctomodel, or measured by individually exciting each of the correctors and rs and 
measuring the induced displacement in each of the measuring the induced displacement in each of the BPMsBPMs..
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QuadrupoleQuadrupole error components (gradient errors) can be due to misalignment error components (gradient errors) can be due to misalignment 
of higher order of higher order multipolarmultipolar magnet (magnet (sextupolessextupoles, , octupolesoctupoles, …) or due to error , …) or due to error 

in the currentin the current--strength calibration of strength calibration of quadrupolequadrupole magnets.magnets.

strengthquadrupole
p

Gq
kwhereLk QQ ==≅∆

02π
βν

Gradient errors generate a Gradient errors generate a betatronbetatron tune shifttune shift equal to:equal to:

LL is the is the quadrupolequadrupole magnetic length, magnetic length, GG is its gradient and is its gradient and qq and and pp00 are the are the 
particle charge and momentum respectively. The previous equationparticle charge and momentum respectively. The previous equation can be can be 
used for measuring the beta function at the used for measuring the beta function at the quadrupolequadrupole position, when the position, when the 

tune shift for small change of the magnet strength is measured.tune shift for small change of the magnet strength is measured.

It can be shown that It can be shown that quadrupolequadrupole gradient errors makes the gradient errors makes the halfhalf--integer integer 
resonance unstableresonance unstable..

Tilt errors in Tilt errors in quadrupolequadrupole magnets generate magnets generate couplingcoupling between the vertical and between the vertical and 
the horizontal planes. On the other hand, on purpose tilted the horizontal planes. On the other hand, on purpose tilted quadrupolesquadrupoles

((skew skew quadrupolesquadrupoles) can be used for compensating the coupling due to lattice ) can be used for compensating the coupling due to lattice 
nonnon--linearitieslinearities..



7

ALSALS

Fundamental Accelerator Theory, Simulations and Measurement Lab – Arizona State University, Phoenix  January 16-27, 2006

NonNon--ideal Magnets:ideal Magnets:
MultipolarMultipolar TermsTerms

Real Accelerators
Errors & Diagnostics

F. Sannibale

•• Good design and construction can minimize but not Good design and construction can minimize but not 
cancel the cancel the multipolarmultipolar field presence. Additionally, in most field presence. Additionally, in most 

of storage rings of storage rings sextupolesextupole (and sometimes (and sometimes octupoleoctupole) ) 
magnets are added on purpose for the compensation of magnets are added on purpose for the compensation of 

chromatic effects and for improving the dynamic aperture.chromatic effects and for improving the dynamic aperture.

•• MultipolarMultipolar field components field components 
introduce nonintroduce non--linearitieslinearities that that 

generate a shift in the generate a shift in the betatronbetatron
frequency for large amplitude frequency for large amplitude 

oscillations (oscillations (tune shift on amplitudetune shift on amplitude).).

•• These tune shifts can bring particles on tune These tune shifts can bring particles on tune resonancesresonances
generating particle losses (generating particle losses (dynamic aperturedynamic aperture).).

•• Simplified geometries, imperfections and mechanical tolerances Simplified geometries, imperfections and mechanical tolerances in the in the 
design and construction of accelerator magnets, populates the acdesign and construction of accelerator magnets, populates the accelerators celerators 

with a plethora of with a plethora of higher order higher order multipolarmultipolar termsterms..

•• On the other hand, these frequency shifts generate On the other hand, these frequency shifts generate dede--coherencecoherence in the in the 
oscillations with a damping effect on instabilities (oscillations with a damping effect on instabilities (Landau dampingLandau damping).).
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•• Fluctuations in the power supply currentFluctuations in the power supply current of the accelerator magnets can of the accelerator magnets can 
limit the performance of an accelerator.   limit the performance of an accelerator.   

•• Jitter in the dipole magnet power supplies generates fluctuatioJitter in the dipole magnet power supplies generates fluctuations in the ns in the 
beam energy inducing jitter in the tunes and orbit fluctuations beam energy inducing jitter in the tunes and orbit fluctuations as well.as well.
•• Jitter on Jitter on quadrupolequadrupole magnet power supplies generate magnet power supplies generate betatronbetatron tune tune 

fluctuations that can bring particles on tune fluctuations that can bring particles on tune resonancesresonances and generate particle and generate particle 
losses.losses.

•• Any power supply fluctuation will be transferred to beam (ampliAny power supply fluctuation will be transferred to beam (ampli fied in the fied in the 
case of strong focusing machines) affecting the ultimate performcase of strong focusing machines) affecting the ultimate performance of the ance of the 

accelerators. accelerators. 

•• Power supply stability requirements Power supply stability requirements 
strongly depend on which part of the strongly depend on which part of the 

accelerator the magnet is located. accelerator the magnet is located. 
Typical relative stability requirements range Typical relative stability requirements range 
from few units of 10from few units of 10--33 for beam transferfor beam transfer--lines lines 
power supplies to about 10power supplies to about 10--55 for the case of for the case of 

storage ring power supplies.storage ring power supplies.
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•• Several other perturbations can affect the proper operation of Several other perturbations can affect the proper operation of an an 
accelerator.accelerator.

•• Last but not least, accelerators are designed for specific applLast but not least, accelerators are designed for specific appl ications that ications that 
often require detectors using high magnetic fields.often require detectors using high magnetic fields.

This is the typical case for high energy physics experiments in This is the typical case for high energy physics experiments in colliderscolliders, or of , or of 
insertion devices for radiation production in light sources. Theinsertion devices for radiation production in light sources. These fields if not se fields if not 

compensated can have a strong impact on the accelerator performacompensated can have a strong impact on the accelerator performance.  nce.  

•• Very large accelerators are sensitive to the earth magnetic fieVery large accelerators are sensitive to the earth magnetic field, to the moon ld, to the moon 
phases, to neighbor railway stations, …phases, to neighbor railway stations, …

•• All accelerators are sensitive to environmental fields and variAll accelerators are sensitive to environmental fields and variables: stray ables: stray 
magnetic fields due to equipment or to high power electric cablemagnetic fields due to equipment or to high power electric cables, presence s, presence 

of other accelerators, temperature variations, fluctuations of tof other accelerators, temperature variations, fluctuations of the main AC he main AC 
power, ground motion, vibrations, …power, ground motion, vibrations, …

•• In order to minimize and compensate for the effects due to all In order to minimize and compensate for the effects due to all these these 
perturbations and errors, an efficient beam diagnostics system nperturbations and errors, an efficient beam diagnostics system need to be eed to be 

used.used.
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ElectromagneticElectromagnetic
Beam Position MonitorsBeam Position Monitors

Real Accelerators
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In electromagnetic In electromagnetic BPMsBPMs, the image charge in an , the image charge in an 
electrode is proportional to the beam current and to electrode is proportional to the beam current and to 

the angle included between the beam and the the angle included between the beam and the 
electrode extremes:electrode extremes:
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In addition to this geometric In addition to this geometric 
effect, the field lines tend to effect, the field lines tend to 

cluster closely in the region of cluster closely in the region of 
the nearest electrode (the the nearest electrode (the EE field field 

must be perpendicular to the must be perpendicular to the 
walls). For this geometry, this walls). For this geometry, this 
gives an additional factor two:gives an additional factor two:



12

Fundamental Accelerator Theory, Simulations and Measurement Lab – Arizona State University, Phoenix  January 16-27, 2006

““ Button”  Type Button”  Type BPMsBPMsReal Accelerators
Errors & Diagnostics

F. Sannibale
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•• Capacitive type (derivative response), low coupling impedance, Capacitive type (derivative response), low coupling impedance, relatively relatively 
low sensitivity, best for storage rings.low sensitivity, best for storage rings.

PEP IIPEP II

DELTADELTA

•• Typical Typical 
geometry used geometry used 
in the presence in the presence 
of synchrotron of synchrotron 

radiation.radiation.
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•• Transmission line type, relatively high beam impedance, high seTransmission line type, relatively high beam impedance, high sensitivity, nsitivity, 
directionality capability, best for directionality capability, best for linacslinacs and and transferlinestransferlines..

FNALFNAL
InjectorInjector

cL2

0201 0 ZorRandZRUsually LL ==

1LR 2LR

0Z

OutV

L

1LR 2LR

0Z

OutV

L

cLt 2=

1LR 2LR

0Z

OutV

L

cLt =

WallI

Blue color: inverted polarity pulseBlue color: inverted polarity pulse

No signal on No signal on RRLL22!!

1LR 2LR

0Z

WallI

OutV

L

0=t
Vacuum 
Chamber

Stripline
Electrode



14

Fundamental Accelerator Theory, Simulations and Measurement Lab – Arizona State University, Phoenix  January 16-27, 2006

StriplineStripline BPMBPMReal Accelerators
Errors & Diagnostics

F. Sannibale

•• StriplineStripline structures are also widely used as the “ kicker”  in transverse astructures are also widely used as the “ kicker”  in transverse and nd 
longitudinal feedback systems.longitudinal feedback systems.
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LCLSLCLS
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Photon Photon -- BPMBPM

∆∆∆∆y

e-

e-

SR

Beam

“ Blades”

FMBFMB
BESSY II,BESSY II,
ALS,ALS,
SLS,SLS,
LNLSLNLS

The intensity of the modes in the resonant The intensity of the modes in the resonant 
structure is proportional to the beam offsetstructure is proportional to the beam offset

In In resonant resonant BPMsBPMs the the 
beam excites modes in beam excites modes in 

resonant structuresresonant structures

TTF BPMTTF BPM
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•• A moveable wire scans the beam transversally.A moveable wire scans the beam transversally.

OxfordOxford--DanfisikDanfisik

KEKKEK

•• The interaction between the beam The interaction between the beam 
and the wire generates (by ionization, and the wire generates (by ionization, 
bremsstrahlungbremsstrahlung, atomic excitation, …) , atomic excitation, …) 

a “ shower”  of secondary emission a “ shower”  of secondary emission 
particles proportional to the number particles proportional to the number 

of beam particles hitting the wire.of beam particles hitting the wire.

•• The secondary particles (mainly electrons The secondary particles (mainly electrons 
and photons) are detected and the beam and photons) are detected and the beam 
transverse profile can be reconstructed.transverse profile can be reconstructed.

••The wire material can be a metal, carbon, or …The wire material can be a metal, carbon, or … a laser beam (Compton scattering,a laser beam (Compton scattering,
neutralization)neutralization)
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•• In the “ Particle Sources”  lecture, we already saw that accordinIn the “ Particle Sources”  lecture, we already saw that according to quantum g to quantum 
field theory, a photon with a large enough energy can “ oscillatefield theory, a photon with a large enough energy can “ oscillate”  between the ”  between the 

states of virtual electronstates of virtual electron--positron pair and of real photon.  positron pair and of real photon.  
γ

γ

−e
•• The opposite is also true. An electron moving in The opposite is also true. An electron moving in 

the free space can be considered as “ surrounded”  the free space can be considered as “ surrounded”  
by a cloud of by a cloud of virtual photonsvirtual photons that appear and that appear and 
disappear and that indissolubly travel with it.disappear and that indissolubly travel with it.

•• Nevertheless, in particular situations, the electron can receivNevertheless, in particular situations, the electron can receive a “ kick”  that e a “ kick”  that 
separates it from the photons that become real.separates it from the photons that become real.

–– when the electron moves on a curved trajectory, the transverse when the electron moves on a curved trajectory, the transverse 
acceleration induces the separation. This is the case of acceleration induces the separation. This is the case of 
synchrotron radiationsynchrotron radiation..

–– when a relativistic electron moves inside a media and the speedwhen a relativistic electron moves inside a media and the speed
of light in the media is smaller than the particle velocity, theof light in the media is smaller than the particle velocity, then the n the 
separation can happen. This is the case of the separation can happen. This is the case of the CerenkovCerenkov radiation.radiation.

–– when a relativistic electron moves inside a nonwhen a relativistic electron moves inside a non--homogeneous homogeneous 
media, then the separation can happen. This is the case of the media, then the separation can happen. This is the case of the 
transition (diffraction) radiationtransition (diffraction) radiation.  .  
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•• Photon diagnostics exploiting all the described emission mechanPhoton diagnostics exploiting all the described emission mechanisms are isms are 
widely used for measuring the transverse and longitudinal profilwidely used for measuring the transverse and longitudinal profiles of es of 

relativistic beams.relativistic beams.

A. LumpkinA. Lumpkin

•• In fact, the spatial distribution of the photons reproduces exaIn fact, the spatial distribution of the photons reproduces exactly the ctly the 
particle distribution of the beam and can be conveniently used fparticle distribution of the beam and can be conveniently used for the or the 

characterization of the beam.characterization of the beam.
•• Monitors exploiting transition and Monitors exploiting transition and CerenkovCerenkov radiation are relatively invasive radiation are relatively invasive 

and are mainly used in single pass or fewand are mainly used in single pass or few--turns accelerators. turns accelerators. 

•• The angular distribution of the photons depends on several beamThe angular distribution of the photons depends on several beam
parameters. This fact can be exploited for the measurements of qparameters. This fact can be exploited for the measurements of quantities uantities 

other than the beam distribution as well.other than the beam distribution as well.
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•• Synchrotron radiation, very abundant in electron and positron aSynchrotron radiation, very abundant in electron and positron accelerators and ccelerators and 
present in very high energy proton storage rings, is widely usedpresent in very high energy proton storage rings, is widely used for transverse for transverse 

and longitudinal beam profile measurements. and longitudinal beam profile measurements. 

•• One of the appealing features of such One of the appealing features of such 
diagnostic systems is that they are nondiagnostic systems is that they are non--

invasive.invasive.

ALSALS

•• The resolution of these monitors are The resolution of these monitors are 
limited by the geometry of the system and limited by the geometry of the system and 

by the radiation diffraction.by the radiation diffraction.
•• The geometric limitation requires The geometric limitation requires 
small aperture systems while the small aperture systems while the 

diffraction term requires large diffraction term requires large 
apertures and shorter photon apertures and shorter photon 

wavelengths. Tradeoff solutions must wavelengths. Tradeoff solutions must 
be adopted.be adopted.

•• Typical resolutions in electron Typical resolutions in electron 
storage rings using hard xstorage rings using hard x--ray ray 

photons range between few and photons range between few and 
tens of microns.tens of microns.
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•• The simplest beam profile monitor is probably the one using The simplest beam profile monitor is probably the one using fluorescent fluorescent 
screensscreens intercepting the beam.intercepting the beam.

•• The beam particles hitting the screen material excite the atomsThe beam particles hitting the screen material excite the atoms that that 
subsequently radiate a photon in the visible range when decayingsubsequently radiate a photon in the visible range when decaying back to the back to the 

ground state. ground state. 
•• The resulting image of the beam on the screen is then viewed byThe resulting image of the beam on the screen is then viewed by a a ccdccd
camera and eventually digitized by a frame grabber for further acamera and eventually digitized by a frame grabber for further analysis.nalysis.

•• Such monitors are destructive and typically are used only in beSuch monitors are destructive and typically are used only in beam am 
transferlinestransferlines..

••Another category of beam profile monitors are the Another category of beam profile monitors are the ionization chambersionization chambers..

•• In this monitor, a gas in a dedicated portion of the vacuum chaIn this monitor, a gas in a dedicated portion of the vacuum chamber is mber is 
ionized by the passage of the beam.ionized by the passage of the beam.

Depending on the scheme used, either the electrons or the ionizeDepending on the scheme used, either the electrons or the ionized atoms can d atoms can 
be detected for the beam profile reconstruction. Time of flight be detected for the beam profile reconstruction. Time of flight analysis of the analysis of the 

ionized particles are usually necessary.ionized particles are usually necessary.

•• Because of their Because of their perturbativeperturbative nature, these monitors are mainly used in nature, these monitors are mainly used in 
single pass accelerators.single pass accelerators.
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•• In photonIn photon--based longitudinal beam profile monitors, detectors such as based longitudinal beam profile monitors, detectors such as 
streak camerasstreak cameras, , fast photodiodes and fast photodiodes and photomultipliersphotomultipliers are used.are used.

In the streak camera case, time resolution of several hundreds oIn the streak camera case, time resolution of several hundreds of f fsfs can be can be 
achieved.achieved.

APSAPS

LEPLEP
ESRFESRF

•• Streak cameras with an additional couple of Streak cameras with an additional couple of 
sweeping electrodes (orthogonal to the other sweeping electrodes (orthogonal to the other 

one) have single bunchone) have single bunch--single turn capabilities single turn capabilities 
and can be used for the characterization of and can be used for the characterization of 

single and single and multibunchmultibunch intabililitiesintabililities..
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•• FemtosecondsFemtoseconds resolution resolution 
(or even smaller) can be (or even smaller) can be 

achieved by achieved by interferometricinterferometric
techniques involving techniques involving 

coherent light in the Farcoherent light in the Far--IR IR 
(coherent synchrotron (coherent synchrotron 

radiation, coherent transition radiation, coherent transition 
radiation, …) or by electroradiation, …) or by electro--

optic techniques using nonoptic techniques using non--
linear crystals and laser linear crystals and laser 

probing.probing.

•• For relatively long bunches ~ 100 For relatively long bunches ~ 100 psps or longer or longer 
electromagnetic pickups can be efficiently electromagnetic pickups can be efficiently 

used.used.
DADAΦΦΦΦΦΦΦΦNENE

AccumulatorAccumulator

•• In this example, the beam inside the DAIn this example, the beam inside the DAΦΦΦΦΦΦΦΦNE NE 
Accumulator (~ 150 Accumulator (~ 150 psps rmsrms) is measured by ) is measured by 

using the signal from a using the signal from a striplinestripline..

L’OASIS L’OASIS -- LBLLBL

L’OASIS L’OASIS -- LBLLBL
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•• Current transformersCurrent transformers are used for measuring the AC component of the are used for measuring the AC component of the 
beam current:beam current:
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•• Conceptually, the Conceptually, the Faraday cupFaraday cup is the simplest among the current monitors.is the simplest among the current monitors.

•• Electrostatic fields with the proper sign can be Electrostatic fields with the proper sign can be 
added in order to avoid that primary and added in order to avoid that primary and 

secondary (emission) charged particles can secondary (emission) charged particles can 
leave the cup affecting the measurement.leave the cup affecting the measurement.

•• For short bunches, if the shape of the bunch needs to be measurFor short bunches, if the shape of the bunch needs to be measured as well, ed as well, 
the FC has to be designed as a transmission line in order to prethe FC has to be designed as a transmission line in order to present a good sent a good 

high frequency response.high frequency response.
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•• For measuring the average beam current (DC component), the For measuring the average beam current (DC component), the parametric parametric 
current transformercurrent transformer or or DC current transformerDC current transformer (DCCT) is used:(DCCT) is used:

•• The DCCT uses two high The DCCT uses two high 
permeability cores driven to permeability cores driven to 

saturation by a low frequency saturation by a low frequency 
current modulation.current modulation.

Demodulator

beamI

OutV
.2 harnd

Hz200~

•• The signals from two secondary coils The signals from two secondary coils 
of the cores are mutually subtracted.of the cores are mutually subtracted.

•• Because of the nonBecause of the non--linear linear 
magnetization curve of the core magnetization curve of the core 

material, this difference signal is zero material, this difference signal is zero 
only when the beam current is zero.only when the beam current is zero.
•• In the presence of beam current this difference signal is nonIn the presence of beam current this difference signal is non--zero and in zero and in 

particular shows a second harmonic component.particular shows a second harmonic component.
•• A current proportional to the amplitude of this component is feA current proportional to the amplitude of this component is fed back into a d back into a 

third coil in order to compensate for the beam current and to mathird coil in order to compensate for the beam current and to make the ke the 
difference signal zero.difference signal zero.

•• At equilibrium, the current flowing in this third coil is equalAt equilibrium, the current flowing in this third coil is equal in amplitude to in amplitude to 
the beam current but opposite in sign.the beam current but opposite in sign.
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Wall Current Monitors.Wall Current Monitors.
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•• The bandThe band--width of such monitors is limited to width of such monitors is limited to 
few GHz.few GHz.

•• Additionally, in the described configuration Additionally, in the described configuration 
they can radiate and/or pickthey can radiate and/or pick--up high frequency up high frequency 

electromagnetic noise.electromagnetic noise.
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ElectronsElectrons

PositronsPositrons

•• For limiting such a noise, a metallic For limiting such a noise, a metallic 
shield loaded with ferrites (inductive shield loaded with ferrites (inductive 

loading) can be used.loading) can be used.

Ferrites
ShieldMetallic
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•• In the presence of In the presence of betatronbetatron and/or synchrotron oscillations, sidebands and/or synchrotron oscillations, sidebands 
around each of the revolution harmonics will appear at the frequaround each of the revolution harmonics will appear at the frequencies:encies:

•• By detecting the passage of a By detecting the passage of a 
particle at a fixed particle at a fixed azimuthalazimuthal

position the following time domain position the following time domain 
signal can be observed.signal can be observed.

•• By Fourier transforming or by By Fourier transforming or by 
using a spectrum analyzer, the using a spectrum analyzer, the 
same signal in the frequency same signal in the frequency 

domain will appear as:domain will appear as:
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•• In the case of a multiIn the case of a multi --particle beam, because of the nonparticle beam, because of the non--zero momentum zero momentum 
spread and machine nonspread and machine non--linearitieslinearities, the particles have slightly different , the particles have slightly different 

oscillation frequencies. As a consequence the spectral lines wiloscillation frequencies. As a consequence the spectral lines wil l show a finite l show a finite 
thickness.thickness.

InstabilityInstability
sidebandssidebands
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•• SchottkySchottky noise cannot be used in noise cannot be used in 
electron and positron machines electron and positron machines 

because in those accelerators, the because in those accelerators, the 
noise due to synchrotron radiation noise due to synchrotron radiation 
quantum fluctuations is strong and quantum fluctuations is strong and 

covers the covers the SchottkySchottky noise. noise. 

FNALFNAL

•• By using resonant electromagnetic pickBy using resonant electromagnetic pick--ups ups 
(cavity or (cavity or waveguidewaveguide) the signal resulting from ) the signal resulting from 
the motion of all the particles can be detected. the motion of all the particles can be detected. 

•• In fact, In fact, SchottkySchottky noise monitors are actually the main nonnoise monitors are actually the main non--invasive invasive 
diagnostic tool used in heavy particle storage rings. Quantitiesdiagnostic tool used in heavy particle storage rings. Quantities that can be that can be 

measured include longitudinal and transverse tunes, momentum sprmeasured include longitudinal and transverse tunes, momentum spread and ead and 
beam current.beam current.

•• Because the motion of the particles is essentially Because the motion of the particles is essentially 
independent, such a signal appears as a noise and independent, such a signal appears as a noise and 

it is usually referred as the it is usually referred as the SchottkySchottky noise noise (SN). (SN). 
SN find applications in beam diagnosticsSN find applications in beam diagnostics

FNALFNAL

Synchrotron
sidebands

Revolution
harmonic
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•• In electron and positron machines, in order to measure the  In electron and positron machines, in order to measure the  betatronbetatron tunes tunes 
in the absence of instabilities, coherent beam oscillations needin the absence of instabilities, coherent beam oscillations need to be excited.to be excited.

•• Synchrotron tune can be measured by modulating the RF phase or Synchrotron tune can be measured by modulating the RF phase or 
amplitude and by measuring the induced sidebands using the sum samplitude and by measuring the induced sidebands using the sum signal ignal 
from a pickfrom a pick--up.Theup.The same detection part of the same detection part of the betatronbetatron tune measurement tune measurement 

system can be used.system can be used.
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Chromaticity is measured in storage rings by changing the momentChromaticity is measured in storage rings by changing the momentum um 
(energy) of the beam and by recording the induced tune variation(energy) of the beam and by recording the induced tune variations.s.

The beam momentum is usually changed by varying the RF frequencyThe beam momentum is usually changed by varying the RF frequency..
In this way, the revolution period is modified and the particlesIn this way, the revolution period is modified and the particles are forced into are forced into 
trajectories with different curvature in the dipole magnets. Thitrajectories with different curvature in the dipole magnets. This can happen s can happen 

only if the particles change their momentum.only if the particles change their momentum.
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The experimental The experimental 
data are fitted by a data are fitted by a 

polynomial function.polynomial function.
The fitting function The fitting function 

calculated at the calculated at the 
nominal momentum nominal momentum 

gives the linear gives the linear 
chromaticity.chromaticity.
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•• In most of acceleration applications, the beam orbit needs to bIn most of acceleration applications, the beam orbit needs to be very stable.e very stable.
In In colliderscolliders, counter, counter--rotating beams with transverse size in the nanometer scale rotating beams with transverse size in the nanometer scale 

need to overlap for collision, while in light sources orbit stabneed to overlap for collision, while in light sources orbit stability requirements are ility requirements are 
often on the order of a micron. often on the order of a micron. 

•• We saw how accelerator imperfections can generate orbit distortWe saw how accelerator imperfections can generate orbit distort ions.ions.
•• Such orbits need to be carefully Such orbits need to be carefully measuredmeasured and and correctedcorrected. . 

In addition, orbit feedbacks are often used to ensure the requirIn addition, orbit feedbacks are often used to ensure the required stability.ed stability.
•• In circular machines, the transverse beam trajectory can be appIn circular machines, the transverse beam trajectory can be approximated by a roximated by a 

sinusoid oscillating at the sinusoid oscillating at the betatronbetatron frequency. frequency. 
NyquistNyquist theorem states that we need to sample the orbit in a number of theorem states that we need to sample the orbit in a number of positions positions 

at least twice the at least twice the betatronbetatron tune number. With some contingency, at least four tune number. With some contingency, at least four 
BPMsBPMs per 2per 2ππππππππ betatronbetatron phase advance are used in circular and linear accelerators.phase advance are used in circular and linear accelerators.
•• Absolute orbit measurements suffer of Absolute orbit measurements suffer of 
accuracy limitations. In fact, the actual accuracy limitations. In fact, the actual 

center of magnets and center of magnets and BPMsBPMs is not exactly is not exactly 
known.  known.  

Measured closed orbits are often referred Measured closed orbits are often referred 
to a “ golden orbit” , which is usually to a “ golden orbit” , which is usually 

obtained by the obtained by the beambeam--based based alignment of alignment of 
the beam to the center of the the beam to the center of the quadrupolesquadrupoles..

NSRL NSRL -- HefeiHefei
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•• In In linacslinacs and and transferlinestransferlines the momentum and momentum the momentum and momentum 
spread are mainly measured by spectrometer systems.spread are mainly measured by spectrometer systems.

•• The beam enters in the field of a dipole magnet The beam enters in the field of a dipole magnet 
where particles with different where particles with different momentamomenta follows follows 

different trajectories.different trajectories.

0ppBLUE <

0ppRED >

Detector

Bend
•• The particle position is then measured on a detector The particle position is then measured on a detector 

downstream the magnet.downstream the magnet.

•• The spectrometer resolution is limited by the intrinsic beam siThe spectrometer resolution is limited by the intrinsic beam size at the ze at the 
detector plane and by field nondetector plane and by field non--linearitieslinearities..
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•• In electron and positron storage rings the equilibrium beam In electron and positron storage rings the equilibrium beam emittanceemittance and and 
the momentum spread can be measured by the combined measurement the momentum spread can be measured by the combined measurement of at of at 

least two transverse beam profiles at two different ring locatioleast two transverse beam profiles at two different ring locations.ns.
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ε:    emittance

p:   momentum

β:  beta function

η:  dispersion

κ:   emittance 
ratio

xrms:   rms beam 
size

•• The beam size at a particular The beam size at a particular 
azhimutalazhimutal position is given by:position is given by:

•• If the beam size is measured in two different points of the rinIf the beam size is measured in two different points of the ring and the g and the 
optical functions at such points are known, then:optical functions at such points are known, then:
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•• A “ popular”  technique for measuring the A “ popular”  technique for measuring the emittanceemittance in in linacslinacs or or transferlinestransferlines
uses the souses the so--called “called “ three gradient methodthree gradient method” . ” . 

•• The gradient (focusingThe gradient (focusing--defocusing strength) defocusing strength) 
of a of a quadrupolequadrupole is changed and the related is changed and the related 
transverse beam profiles are recorded by a transverse beam profiles are recorded by a 

detector downstream the detector downstream the quadrupolequadrupole. . 

Quadrupole

Beam profile
monitor

•• The measurement requires a minimum of 3 different The measurement requires a minimum of 3 different quadrupolequadrupole gradients but gradients but 
the accuracy can be improved if more points are taken. the accuracy can be improved if more points are taken. 

•• The beam size at the detector is defined by the The beam size at the detector is defined by the 
beam beam emittanceemittance and by the local beta function. and by the local beta function. 

The The emittanceemittance is an invariant while the beta is an invariant while the beta 
changes with the changing changes with the changing quadrupolequadrupole gradient. gradient. 

•• An analytical expression linking the transverse An analytical expression linking the transverse 
profiles with the beam profiles with the beam emittanceemittance can be derived can be derived 

and used for fitting the experimental data. and used for fitting the experimental data. 

•• From the fit, the values for the From the fit, the values for the emittanceemittance and and 
for the optical functions at the for the optical functions at the quadrupolequadrupole

position can be finally extracted.position can be finally extracted.
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•• Lifetime measurementsLifetime measurements: by current monitors, by beam loss monitors, by : by current monitors, by beam loss monitors, by 
modifying beam parameters in order to discriminate among differemodifying beam parameters in order to discriminate among different nt 

contributions, …contributions, …

•• Coupling impedance measurementsCoupling impedance measurements: by characterizing the tune shift on : by characterizing the tune shift on 
current, by measuring instability thresholds, by energy spread current, by measuring instability thresholds, by energy spread 

measurements, …measurements, …

•• Optical function measurementsOptical function measurements: by single : by single quadrupolequadrupole gradient perturbation, gradient perturbation, 
by phase advance between position monitors, by response matrix, by phase advance between position monitors, by response matrix, by energy by energy 

momentum variation for dispersion function measurement, …momentum variation for dispersion function measurement, …

•• Momentum acceptance measurementsMomentum acceptance measurements: by changing the particle momentum : by changing the particle momentum 
in combination with lifetime measurements, by modifying accelerain combination with lifetime measurements, by modifying accelerator tor 

parameters for discriminating among different contributions, …parameters for discriminating among different contributions, …

•• NonNon--linearitieslinearities and dynamic aperture measurementsand dynamic aperture measurements: by kicking the beam : by kicking the beam 
transversely and characterizing the tune shift on amplitude, by transversely and characterizing the tune shift on amplitude, by frequency frequency 

map analysis, by demap analysis, by de--coherence measurements, …coherence measurements, …

•• Transverse coupling measurementsTransverse coupling measurements: by transverse beam profile monitors, : by transverse beam profile monitors, 
by response matrix, by closest tune approach, …by response matrix, by closest tune approach, …

•• ……
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•• A misaligned A misaligned quadrupolequadrupole in an electron storage rings with 5.2 horizontal in an electron storage rings with 5.2 horizontal 
tune generates a horizontal closed orbit distortion of 2 mm at itune generates a horizontal closed orbit distortion of 2 mm at i ts own ts own 

position. Calculate the kick that a corrector magnet inside the position. Calculate the kick that a corrector magnet inside the quadrupolequadrupole
needs to apply for correcting the orbit. The horizontal beta at needs to apply for correcting the orbit. The horizontal beta at the the quadrupolequadrupole

is 3 m. is 3 m. 

•• Describe the shape of the pulse from a  matched Describe the shape of the pulse from a  matched striplinestripline of 5 cm length of 5 cm length 
detecting a uniform distributed beam with 2 ns total length.detecting a uniform distributed beam with 2 ns total length.

•• Define the electronic circuit equivalent to a resistive wall cuDefine the electronic circuit equivalent to a resistive wall current monitor rrent monitor 
with a ferrite loaded shield. Calculate the frequency response owith a ferrite loaded shield. Calculate the frequency response of such a f such a 

monitor.monitor.

•• Calculate the length of the detector of the FNAL Injector Calculate the length of the detector of the FNAL Injector striplinestripline in the in the 
figure on the “figure on the “ striplinestripline electrode”  viewgraph.electrode”  viewgraph.


